In terms of the sensitivity of cloud droplet number concentration (Nd) to aerosol loading, the 30 conversion ratio of Nd/NCCN for weakly (strongly) absorptive aerosols is 0.68 (0.54).
site, in order to (a) enhance the understanding of ACI and (b) reduce the uncertainty in quantifying the ACI and associated radiative effects when modeling aerosol influences on low level continental clouds.
In this study, the aerosol and cloud properties at the ARM-SGP site from 16 selected non- 
Cloud Properties

Cloud Boundaries
The cloud boundaries at the ARM-SGP site were primarily determined by the ARM Active Remotely-Sensed Cloud Locations (ARSCL) product, which is a combination of data detected 15 by multiple active remote-sensing instruments, in particular, the Millimeter-wavelength Cloud Radar (MMCR). The MMCR operates at a frequency of 35 GHz (and wavelength of 8.7 mm) with a zenith pointing beam width of 0.2° and provides a continuous time-height profile of radar reflectivity with temporal and spatial resolutions of 10 seconds and 45 m, respectively (Clothiaux et al., 2000) . After 2011, the MMCR was replaced by the Ka-band ARM Zenith 20 Radar (KAZR) which has the same operating frequency and shares similar capabilities as the MMCR, but with the major improvement of a new receiver that allows for more sensitivity in cloud detection (Widener et al., 2012) . The temporal and vertical resolutions of KAZR-detected reflectivity are 4 seconds and 30 m, respectively. The cloudy condition as well as cloud top height is identified via cloud radar reflectivity. 25 The cloud radar is sensitive to the sixth moment of droplet size distribution and can be contaminated by insects below cloud base (Dong et al., 2006) . The ceilometer and Micropulse Lidar (MPL), which are sensitive to the second moment, were calibrated with radar reflectivity https://doi.org /10.5194/acp-2019-478 Preprint. Discussion started: 7 June 2019 c Author(s) 2019. CC BY 4.0 License.
to identify an accurate cloud base estimation. Hence, the lidar-radar pair provides the most precise determination of cloud boundaries from a point-based perspective. In this study, the cloud base and top heights were averaged into 5-min bins where the low-level stratus cloud is defined as a cloud-top height lower than 3 km with no overlying cloud layer (Xi et al., 2010) .
Cloud Microphysical Properties
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The cloud liquid water path (LWP), defined as the column-integrated cloud liquid water, was retrieved based on the measured brightness temperatures from the Microwave Radiometer (MWR) at 23.8 and 31.4 GHz, using the statistical method described in Liljegren et al. (2001) .
The uncertainty of LWP retrieval is 20 g m −2 for LWP less than 200 g m −2 and around 10%
for LWP higher than 200 g m −2 . In this study, we exclude the data points with LWPs less than 10 20 g m −2 to eliminate optically thin clouds, as well as exclude the samples with LWPs greater than 300 g m −2 to prevent potential precipitation contamination issues (Dong et al., 2008) .
For microphysical properties of low-level stratus, following the methods developed by Dong et al. (1998) , the daytime information of layer-mean cloud effective radius (re) can be parameterized by:
15 r e = −2.07 + 2.49LWP + 10.25γ − 0.25μ 0 + 20.28LWPγ − 3.14LWPμ 0 ,
where γ is the solar transmission, μ 0 is the cosine of solar zenith angle, and the units of re and LWP are μm and 100 g m −2 , respectively. Nd is obtained after re is known, by the following calculation:
Surface aerosol properties were collected from the Aerosol Observation System (AOS), a platform consisting of an array of instruments to monitor real time aerosol information. The total condensation nuclei number concentration (Na) represents the overall loading of aerosol particles with diameter larger than 10 nm and was obtained by the TSI model 3010 condensation particle counter. The aerosol scattering coefficient (σ sp ) was measured by the TSI 5 model 3653 nephelometer at three wavelengths: 450, 500, and 700 nm. The relative humidity inside the nephelometer was set to 40% to maintain a dry condition and prevent potential aerosol hygroscopic effects (Jefferson, 2011) , and the quality of retrievals has been assured using the Anderson and Ogren (1998) method. The absorption coefficient (σ ap ) was measured by the Radiance Research particle soot absorption photometer (PSAP) at three slightly different 10 wavelengths (470, 528 and 660 nm), with the calibration and quality control process done by the method developed in Anderson et al. (1999) . Note that both the nephelometer and PSAP employ two impactors with size cuts of 1 μm and 10 μm. The measurements switch between total aerosol (<10 μm ) and submicron aerosol (<1 μm ) every hour. In this study, the submicron aerosol optical properties were interpolated into 5-min averages to match the cloud 15 microphysical properties.
The optical particle counter developed by Droplet Measurement Technologies is used to measure the CCN number concentration (NCCN). The supersaturation (SS) level inside the instrument cycles between 0.15% and 1.15% every hour. The CCN activity can be presented as a function of SS: N CCN = cSS k (Twomey, 1959) , where c and k are calculated by using a 20 power law fit for each hour. In this study, 0.2% is used as this represents typical supersaturation conditions of low-level stratus clouds (Hudson and Noble, 2013; Logan et al., 2014; Logan et al., 2018) .
Boundary Layer Condition
Given the fact that the aerosol properties were measured at the surface, there is a question resolution were collected from the ARM Merged Sounding product with a vertical resolution of 20 m below 3 km (Mace et al., 2006; Troyan, 2012) . The vertical profiles of liquid water potential temperature ( θ L ) and total water mixing ratio ( q t ) for coupled and decoupled boundary layer conditions, as well as the criteria to differentiate between them, are illustrated in Fig. 1 . The coupled condition was identified by the change of θ L and q t from surface layer 5 to cloud base of less than 0.5 K and 0.5 g/kg, respectively. In that case, the boundary layer is considered to be well-mixed and suggests that the surface aerosols are comparable to in-cloud aerosols. However, the θ L and q t vary more drastically from surface to cloud base under decoupled conditions, which denotes a stratification of the sub-cloud layer thereby disconnecting the surface aerosols from the ones aloft. Therefore, selecting cloud cases under 10 coupled conditions can better constrain the thermodynamic condition since the measured surface aerosols are representative in terms of aerosol-cloud interaction.
Shortwave radiation fluxes at the Surface
The surface measured broadband downwelling shortwave (SW) radiation fluxes and 
where SW cld and SW clr dn are cloudy and clear-sky downwelling shortwave radiation fluxes, respectively (Betts and Viterbo, 2005; Vavrus, 2006; Liu et al., 2011) .
Selection of low-level stratus cloud cases
As previously discussed, the selection of cloud cases is limited by the following criteria: 25 non-precipitating and cloud-top height less than 3 km with lifetime more than 3 hours under coupled boundary layer conditions. Only daytime cloudy periods were considered, as suggested by Feingold et al. (2003 (Stein et al., 2015) for sub-cloud air parcels that advected over the ARM-SGP site are used to identify the aerosol source regions (Logan et al., 2018) . Aerosol plumes consisting of different species from local 5 sources and long-range transport can impact the ARM SGP site because of different transport pathways and can induce different cloud responses which are further investigated in this study.
Result and Discussion
Aerosol and cloud properties of selected cases
The probability density functions (PDFs) of aerosol and cloud properties from all 16 cases 10 are shown in Fig. 2 . For the aerosol properties shown in top panel, the Ångström Exponent (AE) was calculated based on nephelometer observed spectral scattering coefficient (σ sp ) at 450 nm and 700 nm, using the equation of AE 450−700nm = −log (σ sp450 /σ sp700 )/log(450/ 700) . The negative log-log slope denotes the relative wavelength dependence of particle optical properties due to differences in particle sizes (Schuster et al., 2006) . Therefore, AE can 15 be a good indicator of aerosol particle sizes since AE > 1 indicates the particle size distributions dominated by find mode aerosols (submicron), while AE < 1 denotes the dominance of coarse mode aerosols (Gobbi et al., 2007; Logan et al., 2010) . The aerosol Fine Mode Fraction (FMF) is given by the ratio,σ sp1 / 10 , where σ sp1 and σ sp10 are the nephelometer measured scattering coefficients at 550 nm for fine mode aerosols (1 μm size cut) and total aerosols between 7-9 μm. Note that the variation in the PDF of LWP is relatively small which allow for a better investigation of the LWP dependence of cloud microphysical properties.
Measured Aerosol-Cloud-Interaction
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To examine the microphysical response of cloud to aerosol loading, the quantitative Aerosol-Cloud-Interaction (ACI) term can be expressed as
where α denotes aerosol loading. ACIr represents the relative change of layer mean re with respect to the relative change of aerosol loading thereby emphasizing the sensitivity of the As suggested by previous studies, the ACIr should be calculated and compared at constant 20 LWP owing to the dependence of re on LWP (Twomey et al, 1977; Feingold et al., 2003) .
Therefore, in this study we use six LWP bins ranging from 0-300 g m −2 with bin size of 50 g m −2 and then group the sample data accordingly. Note that the first bin is actually 20-50 found ACIr with a range of 0.13-0.19 in the Arctic regions. The assumption when using ACIr is that there exists a significant relationship between aerosol loading and CCN, thus a nearly constant fraction of aerosol effectively activates as CCN. In essence, aerosol loading is more 15 important than the aerosol size and composition. However, the ACIr values from all samples should be interpreted with caution since this assumption may not always be valid and is conditional. In order to further examine the role of aerosol species in ACIr, the samples from the 16 selected cases are divided into two groups according to their absorptive regime which is discussed in the following section. 
Relationship between aerosol absorptive properties and ACI
Aerosol absorptive properties of the 16 selected cases
The measured absorptive properties of aerosols can aid in inferring the general information of different aerosol species since different types of aerosols can demonstrate different absorptive behaviors at certain wavelengths. Aerosol plumes dominated by organic 25 carbonaceous particles tend to represent strong absorptive capabilities in the visible spectrum but weakly absorb in near infrared (Dubovik et al., 2002; Lewis et al., 2008) while black carbon particles (e.g., soot) absorb across the entire solar spectrum with a weak dependence on wavelength (Schuster et al., 2005; Lack and Cappa, 2010 is dominated by anthropogenic inorganic pollution, the absorbing ability becomes even weaker (Clark et al., 2007) , partly due to sulfate chemical species (Chin et al., 2009) . Therefore, the general existence of carbonaceous and pollution particles can be inferred via absorptive properties.
In this study, we adopt the classification method involving AE and the ratio of aerosol This value was determined using a frequency analysis performed at four AERONET sites that are dominated by single aerosol modes (Logan et al., 2013) . Of the 16 cases, six cases are dominated by strongly absorbing aerosols, seven cases are dominated by weakly absorbing aerosols, and three cases have samples which broadly scatter across the ω abs domain which 15 denotes a mixture of different absorbing aerosol species. It is interesting to note that the majority of the winter cases are dominated by weakly absorbing aerosols while most of the spring cases exhibit a strongly absorbing aerosol dominance which suggests that the aerosol plumes over the SGP site also have a seasonal dependence. This will be worth further investigation when more sufficient aerosol observations at the SGP site become available. 
Aerosol and cloud properties under different absorptive regimes
Figures 5a-5c show the PDFs of total Na, NCCN, and AE for the two absorptive regimes. 
μm).
Note that the LWP under the strongly absorptive regime is generally higher. Thus, the question behind these results is whether the differences in cloud microphysical properties between the two regimes are due to the difference in LWP. As previously stated by Dong et al.
(2015), cloud droplets generally grow larger at higher LWP which eventually leads to lower droplet number concentration. As discussed in section 3.3.1, the weakly absorptive and strongly absorptive regimes are linked to aerosol plumes that are dominated by pollution and carbonaceous aerosols, respectively. Therefore, the difference in the ability of aerosol activation between the two regimes can be explained by the different hygroscopicity factors of the particle types. For Due to the lack of detailed chemical observations for all the cloud sample periods, as well as the uncertainties among aerosol optical and microphysical properties induced by aerosol transformation processes such as aging and mixing (Wang et al., 2018b) , the bulk activation 20 rates revealed from this study cannot be significantly distinguished from each other. However, the effect of different aerosol species inferred by the absorptive properties with respect to aerosol activation are evident, especially at the 0.2% supersaturation level.
LWP dependence of aerosol and CCN activation under different absorptive regime
In order to better understand the role of aerosol activation ability in the microphysical 25 process from aerosol to CCN and then to cloud droplet, comparisons must be considered under similar available moisture conditions due to the discrepancy of LWP between the two regimes. Taking the variation of NCCN into account, the conversion rates of NCCN to Na under low LWP conditions (<50 g m −2 ) in both absorptive regimes could be simply due to the linear 5 combination of high aerosol concentration and insufficient moisture supply such that aerosols are competing against each other thus resulting in a low conversion rate. However, as the LWP increases, the activation rates tend to increase as well, especially at LWP values higher than 100 g m −2 . In fact, the values of Na for both regimes are relatively small with little variation for LWP > 100 g m −2 , while the NCCN/Na ratio demonstrates a more noticeable increasing 10 trend in the weakly absorptive regime. Despite the higher aerosol loading in the strongly absorptive regime at higher LWPs, there are still more weakly absorbing aerosols being activated, which corresponds to greater water uptake ability.
As for the process from CCN to cloud droplet, a similar assessment is presented in Fig.   7b , which illustrates the NCCN values and conversion rates of Nd to NCCN in relation to LWP. The overall differences in CCN conversion ratio are likely a result of the differences in water uptake abilities as previously discussed. Alternatively, it can possibly be related to cloud 25 base vertical velocity as the sensitivity of cloud droplet to aerosol loading is enhanced with increasing column maximum updraft speed (Feingold et al., 2003) , which is not included in this study due to lack of observations from the ground-based Doppler lidar. Moreover, it is noteworthy that the uncertainty in deriving the CCN activation rate can be deduced by the uncertainty in Nd retrieval, since the retrieval method assumes a constant lognormal width for cloud droplet size distribution while in nature those widths are variable.
LWP dependence of re and Nd under different absorptive regimes
In the previous section, we examined the activation rates of aerosol to CCN and then from CCN to cloud droplet between the two regimes as well as their dependences on LWP, that further supports the previous discussion about the water uptake ability of these aerosols, in particular.
Aerosol-cloud-interaction under different absorptive regimes
To examine the sensitivity of clouds to both weakly and strongly absorbing aerosol loading, the relationship between cloud re and aerosol absorption are shown in Fig. 10 . Two
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LWP ranges (0-50 g m −2 and 200-250 g m −2 ) are selected in order to better represent ACIr at low and high LWP conditions. For the examination of re as a function of Na ( Fig. 8a and 8b) and NCCN ( Fig. 8c and 8d) , the values of ACIr in the weakly absorptive regime are higher than those in the strongly absorptive regime. This suggests that the cloud droplets are more sensitive Note that in general when NCCN is used to represent aerosol concentration, the derived ACIr values are larger than the ACIr represented by Na, which indicates clouds are more sensitive to CCN than solely aerosol particles. One explanation is that when we link the cloud droplets together with aerosol properties such as number concentration or scattering coefficient 10 to assess their relationship, the implicit assumption is that the aerosol particles undergo a specific nucleating process in which a constant fraction of them can be treated effectively as cloud droplets (Kim et al., 2008) . In nature, the activation rates are not constant and indeed vary with aerosol species and ambient water availability. Therefore, by considering the onestep process from CCN to cloud droplet, the assessment of ACIr via NCCN can reveal the 15 interaction between aerosol and cloud more accurately. species. For example, weakly absorbing aerosols are typically dominated by pollution aerosols that have greater water uptake ability, while strongly absorbing aerosols are generally hydrophobic, such as freshly emitted black and organic carbon (Wang et al., 2018b) .
Cloud shortwave radiative effects under different absorptive regimes
Consequently, the conversion rates of Nd/NCCN for weakly absorbing aerosols are higher than the strongly absorbing aerosols. As a result, cloud droplets that form from weakly 5 absorbing aerosols tend to have smaller sizes and higher concentrations than cloud droplets forming from strongly absorbing aerosols. Furthermore, the cloud droplets under the weakly absorptive regime exhibit a greater growing ability, as given by larger re values that increase with LWP under similar Nd.
Under low LWP conditions (<100 g m -2 ), the measured ACIr under the weakly absorptive 10 regime is relatively higher, indicating clouds have greater microphysical responses to weakly absorbing aerosols than strongly absorbing aerosols. Also, the observed ACIr with respect to NCCN is generally higher than Na, which demonstrates that the mechanism from CCN to cloud droplet is more straightforward than from aerosol particle to cloud droplet. Under higher LWP conditions, the damping of ACIr is more evident, which is consistent with the results from all 15 the cases. As a result, clouds that develop from weakly absorbing aerosols serving as CCN exhibit a stronger shortwave cloud radiative influence than clouds originating from strongly absorbing aerosols. Additional future work will focus on investigating the seasonal dependence of aerosol sources, with respect to their physicochemical properties. The aerosol-cloudinteraction processes under the influence of different aerosol types associated with airmasses 20 and the sensitivity to dynamic and thermodynamic factors over the will be further examined.
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